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THE EFFECT OF SILICON ON THE STRESS CORROSION RESISTANCE
OF LOW-ALLOY., HIGH-STRENGTH STEELS*

By C.S. Carter?

ABSTRACT

The effect of five levels of silicon, within the
range 0.09% to 2.15%.8 on the stress corrosion
resistance of 4340 steel was established in 3.57.
sodium chioride solution for two tensile strength
ranges (.80 to 300 kst and 230 to 240 ksi). At
the higher strength range, the threshold stress
intensity Kjg.. was independent of silicon con-
tent, but the stress ccrrosion crack velocity was
significantly retarded when the silicon content
exceeded 1.57. At the 230- to 240-ksi strength
range. steels containing less than 1.5% silicon
¢xhibited a higher Kygce threshold than steels of
higher silicon content. Strength level had a
significant effect on crack velocity characteristics.

INTRODUCTION

Low-alloy steels, quenched and tempered to
tensile strength levels up to 300 ksi. are employed
in a number of structural components. To achieve
this strength level, the alloys contain about 0.4%
carbon with other elements added to obtain
hardenability and tempering resistance. In the
past, 4340 (260- to 280-ksi tensile strength range)
has been used extensively for such components
but, more recently, a modified version of 4340
(designated 300M) has been used in the range 270
to 300 ksi. The 300M alloy contains 1.5% to 1.8%
silicon and 0.1% vanadium, whereas the silicon
content of 4340 is 0.2% to 0.35% and vanadium
is not added. The silicon was added to increase
the tempering resistance, thereby allowing a
higher tempering temperature than with 4340 and
so providing a greater degree of stress relief. These
modifications also provided a higher strength level
than could be guaranteed with 4340 (1.2).

Service expericnce with 300M alloy has been
extremely good, but some failures of components
fabricated from 4340 have been reported (3.4). in
most cases, the failure was attributed to the
development of stress corrosion cracks and sub-
sequent brittle fracture of the component.
Because of this difference in service perfonnance,
the question arises—does silicon enhance the
stress corrosion resistance of 4340-type steels, or
is the superior service performance of 300M
attributable to some other effect, for example,
the greater degree of stress relief? Furthermore, if
silicon improves the stress corrosion resistance,
does the range 1.5% to 1.8% represent the
optimum level? The aim of this investigation was
to answer these questions.

Five experimental heats 0" 4340 having different
silicon contents were prepared and the stress
corrosion characteristics determined for two
tensile strength ranges (280 to 300 ksi and 230 to
240 ksi). In addition, samples from large heats of
4340 and 300M were compared. The stress
corrosion resistance was evaluated using a fracture
mechanics approach in order to study the influ-
ence of crack tip stress intensity upon the
individual crack extension mechanisms involved
in complete failure.

MATERIALS

- EXPERIMENTAL HEATS

A single heat of 4340 was air melted and split
into five separate 100-lb heats. and the desired
level of silicon was added to each. These were
then cast into electrodes, consumable vacuum
remelted, and not rolled to 1-1/2-in.-square bar.

* This rescarch .was supported by the Advanced Rescarch Projects Agency of the Depastment of Defense (ARPA Order No. 878)

under Contract N0O0O14-66-C036S.
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" Tablel. Alloy composition.

. Chemical analysis ASTM
Heat Alloy Melu{xg Form grain
practice c M| s | P |si|c Mo Ni| v|si2e
no.
Evperimental
A [ 4340+ 0.09%Si{ CEVM | I%-in.sqbar|0.43,0.80 ] 0.006]|0.006|0.09 |089 [ 028|186 -] o
B | 4340+ 0.54%Si } CEVM | 1%-in.4q bar ] 0.43]0.79 | 0.006 ] 0.006 | 0.54 { 0.89 | 0.28 |1.87 8
C | 4340+ 1.08%Si| CEVM | 1%-in.sqbar|04410.77 | 0.006]0.00611.08 { 1.01 1 0.26 |1.85 7
D | 4340+ 1.58%Si | CEVM | 1%-in.«qbar | 043]|0.68 |]0.006]0.0041.58 | 1.05 | 0.26 |1.84 6
E |4340+2.15%Si { CEVM | 1%-in.sqbar | 043[).68 10.006]0.004 { 2.15 | 1.07 ] 0.26 |1.84 5
_ Commercial
F 4340 Airmelt | 8-by 8-in. ] 040}0.70 | 0.019]0.021 }]0.21 J0.86 | 0.26 ]1.86] - |Not mea-
billet sured
G 4340 Vacuum | 8-in. round |040]0.73 ]0.013]0.014 ]0.28 ] 0.87 | 0.2511.80] --[Not mea-
degassed sured
H 300M CEVM | 5-byS-in. |04110.87 ]0.008 |0.007{1.69 {0.86 | 0.10{1.78/0.07|Not mea-
billet sured
J 300M CEVM [ 4-by4.n. [04330.90 10.003]0.010]1.57 |0.78 ] 0.37 |1.78]0.09]{Not mea-
billet sured

APrior austenite grain size.

The chemical analysis of these heats is shown in
Table 1. The sulfur and phosphorus contents of
these heats were restricted to a maximum level of
0.017% since previous work has shcwn that these
elements have a detrimental influence on fracture
toughness (5.0).

COMMERCIA’ HEATS

Two heats of 4340, one air melted and the other
vacuum degassed, were obtained in billet form.
Two heats of 300M, prepared by consumable
electrode vacuum remelting, were also acquired.
The chemical analysis of these alloys is also
shown in Table 1.

EXPERIMENTAL PROCEDURE
E..PERIMENTAL HEATS

fo determine the tempering temperatures neces-
sary to achieve the desired tensile strength ranges,
a preliminary tempering study was conducted
on each heat. Tensile specimens of 0.25 in. dia-
meter were. machined in the longitudina! direc-
tion from the bar stock. These were normalized

at 1650°F for 1 hr, austenitized at 1600°F for |
hr. oil quenched and tempered for 2 hr, plus 2

hr at temperatures within the range 400° to 1000°F.

The mechanical properties were subscquently de-
termined at room temperature and at a strain
rate of 0.005 in./in./min.

Single-edge-notched specimens (Fig. 1) were
machined in duplicate from the bars in the
longitudinal direction. These were heat treated as
described above, tempered to the desired stiength
level, ground to final dimensions, and fatigue
precracked. The plane strain fracture toughness
Kjc was determined by loading the specimens in
four-point bending, and the resvlit, were analyzed
according to the recommended ASTM procedure
(7). Duplicate tensile specimens were sub-
sequently machined from the broken halves of
the notched bend specimens and tested “as
described above.

To evaluate stress corrosion resistance, the fatigue
cracked notched bend specimens were hydraulic-
ally sustain loaded to selected initial stress
intensity Ky; levels in cantilever bending using the
procedure described by Brown (8,9). Just before
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Fig. 1. Notched bend specimen,

cach specimen was loaded, 3.5% aqueous sodium
chloride solution was drinped into the notch
through a plastic spigot from a reservoir contain-
ing the solution. The specimers were exposed to
the continued flow of the solution until failure
occurred or until a selected time period elapsed.
A graduated scale was attached to certain speci-
_mens and the length of the stress-corrosion crack
measured by optical observation at selected time
intervals. From this data. a crack length versus
time curve could be constructed. The slope of the
curve. which represents the instantaneous crack
growth rate. was graphically determined for
various crack length values and the relationship
between stress intensity (Eq 1) and crack velocity
determined.

Specimens which remained unbroken were either
fatigue cracked again and retested or treated as
fracture toughness specimens and loaded to fail-
ure in air. In either case, the region under the
fatigue crack was subsequently examined by
optical means for evidence of environmental
crack growth. The time-to-failure was recorded
for the ~pecimens which failed during testing, and

the extent of environmental crack growth was
measured. Since the applied load was constant,
the stress intensity level Kjg at which rapid
mechanical faiture was initiated from the tip of
the stress corrosion crack could be determined.

The applied stress instensity was determined from
the expression:

= _QM:!'/’Y

K
bw?2

)

where M = bending moment
b = specimen thickness
W = specimen width
a = notch depth plus average fatigue
crack depth
Y = a factor depending upon the ratio of
a:Wand the loading system employed

Since values for Y have not been rigorously
determined for cantilever bending, the poly-
nomial relationship established by Brown and
Srawley (7) for specimens loaded in three-point
bending with a loading span to width ratio of 8 to
1 was used.

COMMERCIAL HEATS

Tensile specimens of 0.25-in. diameter and
surface-flawed specimens (Fig. 2) were machined

from the longitudinal direction of billets F, G,
and H. Notched bend specimens (Fig. 1) were
machined at similar locations from billet J. The
4340 specimens were normalized at 1625°F,
austenitized at 1525°F, oil quenched, and double
tempered at 400°F. The 300M specimens were
sintilarly treated except that the temperatures
were 1650° 1600° and 600°F, respectively. All
specimens were ground to final dimensions after
heat ticatment. A 0.140-in.-deep notch was
electrodi: charge machined into the surface-flawed
specimens and subscquently sharpened by fatigue
cracking prior to testing.

The tensile tests were conducted in the same
manner as ¢.:scribed for the experimental heats.
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Fig. 2. Surface-flawed specimen.

The surface-flawed specimens were loaded in
tension ir high-humidity air; a relative humidity
of greater than 85% (70°F) was produced by
bubbling bottled air through roam temperature
water. Three types of test were used to evaluate
the influence of this environment on heats F
through H:

. Fracture Toughness Tests-These were con-
ducted in tension at a loading rate of 150
ksi/min. Fracture of the specimens typically
occurred after less than | min of loading.
Fracture toughness Kj. was determined from
the surface flaw stress intensity solution given
by Irwin (10).

. Sustained Load Tests-These were accom-
plished by initially loading the specimens to
907% of the K. value. Specimens that survived
this stress intensity for several hours were
subscequently step loaded and held at higher
loads until failure occurred. In addition, speci-
mens were held in the range 30% to 45% of Ky
for several hours. Subsequent fatigue cracking
in dry air (less than 10% relative humidity) at
120 ¢cpm and at a stress ratio of 0.05 defined
the extent of growth; specimens were then
tested in a similar way to the fracture tough-
ness specimens.

(L]
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. Fatigue Tests To evaluate the effects of
environment on fatigue crack growth. fatigue
cracked specimens were subjectzd 1o slow
cyclic rates (5 cpm) and at a stress ratio of (0.8,
The specimens were then cycled again in dry
air and broken as described above (in 2).

A fractographic examination was conducted on
all the broken specimens.

The stress corrosion resistance of the other 300M
billet (heat J) was evaluated using precracked
notched bend specimens as described for the
experimental alloys.

RESULTS AND DISCUSSION
EXPERIMENTAL HEATS

The mechanical property data obtained over the
tempering range exhibited characteristics similar
to those previously reported for comparable steels
(1.11) and therefore are not discussed here. The
tempering temperatures selected for the two
strength ranges in cach heat are shown in Table !,
together with the mechanical properties obtained

Table 11. Mechanical properties of experimental alloys®.

f
J'c "]‘.:::. Tensile | Yield |Elonga- :?:dl:)c‘:
Hea* pcxmm: strength | strength | tion ' ar:z
. ksi ksi (%
(°F) (ksi) (ksi) )
280- to 300-ksi strength range
A 400 284.2 201.8 1 32
B 400 299.2 216.5 12 39
C 500 2905 | 2400 12 40
D 500 20913 2364 n 39
E 500 2974 240.7 10 35
230- to 240-ksi strength range
A 600 2399 204.2 10 34
B 750 2285 2014 n 43
C 800 231.1 1938 11 40
D 850 236.6 196.6 i1 36
E 925 240.2 2158 10 33

3Mean of duplicate tensile tests.




by’ these treatments. In afl cases except one. the
tensile strength levels were within the desired
ranges of 280 to 300 and 230 to 240 ksi. The
exception was the 0.54%% silicon heat in which the
tensile strength level of 228 ksi was slightly
outside the required limit. 1t should be noted
that, in the higher strength range, the tempering
temperatures selected did not necessarily produce
the maximum yield strength. These temperatures
were selected to provide the best overali corre-
spondence of yield strength, ultimate strength,

and tempering temperature among the five heats,

As shown in Fig. 3, there was no improvement in
the fracture toughness of the higher strength
alloys as the silicon content was increased from
0.54% to 2.15%. The Kj. values of 50 to 55
ksiy/in. are typical of 4340 but are lower than
those reported for 300M (12). Reducing the
silicon content to 0.09% increased K. by 40%.

SILICON (%

Fig. 3. Effect of silicon on K, {280- to 300-ksi strength
range).

Decreasing the strength from 280-300 ksi to
230-240 ksi led to an improvement in fracture
toughness in all the alloys except the one contain-
ing 2.15% silicon (Fig. 4). The Kj value for the
latter steel was similar to that obtained .n the
higher strength range.

Stress corrosion curves of Kj; versus time to
failure were established, typical examples of
which are shown in Fig. 5. and the threshold
stress intensity Kjgoe below  which stress

corrosion cracking did not occur was determined.
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As shown in Fig. 6, the Kjq.c of all the steels heat
treated to the 280- to 300-ksi strength range were
between 13 and 16 ksiy/in. Therefore, silicon
does not enhance the threshold stress intensity
level. Reducing the strength l:vel significantly
improved the Kjg.o in the steels containing less
than 1.5% silicon; the higher silicon content stee's
showed only a slight improvement (Fig. 7). The
low Kjsce value recorded for the 0.09% silicon
heat can be attributed to the lower tempering
temperature used for this steel.
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Fig. 4. Effect of silicon on Ky, (230- to 240-ksi strength
range). :
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Fig. 7. Effect of silicon on threshold stress intensity
Kieee (230- to 240-ksi strength range).

Crack lengtli versus time curves were obtained
from specimens !oaded initially to a Kj; of
approximately 30 ksi\/in.; typical curves are
shown in Figs. 8 and 9. In thesc tests, it was
observed that an incubation time was required
before .crack growth was initiated. An attempt
was made to obtain a measure of this period oy
extrapolating to the time required for the initial
0.01 in. of crack extension. This showed some
scatter but indicated that silicon had no effect on
the incubation period at ecither strength level.
However, decreasing the strength level generally
increased the incubation time from a few minutes
to approximately 1 hr.
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Fig. 8 Crack growth characteristics for 0.09% silicon
steel (284.2-ksi tensile strength).
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steel (228.5-ksi tensile strength).




The effect of stress intensity level on stress
corrosion crack growth rate is shown in Fig. 10
for the 280- to 300-ksi strength range. The data
indicate that the growth rate was directly propor-
tional to the stress intensity : a similar relationship
has been reported by other investigators for 4340
(13) and H11 steels (14). Silicon had a significant
effect on the crack growth rate over the range of
stress intensity level examined. Steels with silicon
contents of 0.09%, 0.54%, and 1.08% had similar
growth jates, and the data points could be
enclosed within the same scatter band. There was.
however, a marked retardation in crack growth
rate when the silicon content was increased to
1.58%, and a further decrease occurred on
incrcasing the silicon content to 2.15%. This
decrease in crack growth rate is also reflected by
the time to failure at a K; of 32 ksiy/in., which
increased at silicon levels above 1.08% (Fig. 11).

The kinetics of crack giowth for the steels
tempercd to the 230- to 240-ksi strength range
were significantly different from those at the
higher strength range. The growth rate was
generally much slower than in the higher strength
range and was constant over a wide range of stress
intensity. The range of stress intensity over which
the crack growth rate was found to be constant.
and the growth rates, are shown ir Table I11. This
phenomenon was also reflected in the Ky; versus
time to failure for the lower strength steels since
there was only a slight dependence of failure time
on Kj; (Fig. 5).

Table I1l. Crack velocity in 230- o 240-ksi tensile

LK IKSIJIND

40 SILICON CONTENT (%)
O 009

30 A 054
o 108
® o058

20 A 215

STRESS INTENSITY

strength steels.
Stress intensity range Crack
. over which constar:t velocity
Heat crack velocity was (constant)
meas. red (inJmin)
(ksi Jin.)
A 31.6t053.0* 0.01
B 31.5to ~KJ¢ 0.0025
C 31010 ~Kje 0.001
D 27.6 to ~K|¢ 0.0025
E 31.51043.7* 0.005

*Velocity directly proportional to K when stress intensity

cxcecded this limit.
NOTE: Lower end of range corresponds to K,
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Fig. 10. Influence of silicon content on stress corrosion
crack growth rate (280- to 300-ksi strength range).
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Fig. 11. Effect of silicon content on time to failure at K ;;
of 32.0 ksi Jin. (280 to 300-ksi strength range/,

The critical stress intensity level K15 for brittle
fracture initiation from the tip of the extending
stress corrosion crack is shown in Table IV. In
many tests, the critical crack length (plus notch
depth) divided by the specimen width exceeded
0.6, which is the limit for the expression used (Eq
1). Under these circumstances, K5 is shown in
Table IV as greater than the limiting K value. The
data indicated that, at both strength levels, K}5
was significantly greater than Ky similar dats
have been reported for other high-strength steels
(15). There was no apparent effect of silicon on
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Table IV. Critical stress intensity for rapid brittle failure.

K{g Values for
Hem in|dividu:|| specimens Kic
(ksiy/in.) (ksiy/mn.)

280- to 300-ksi strength range

A > 374:> 67.0: > 96.2: > 93.0:] 742
> 384

B > 61.0: > 49.0: 74.0: 79.0 550

C 66.0: > 55.0: > 40.5: > 69.0:;] 538
. 73.5

D > 640: 63.0: 81.5:> 48.7: §5.2
89.5

t > 01.6: > 50.5: > 96.5 519

230- to 240-ksi strength range

A |>93.0:> 63.8:> 96.0: > 96.0: 783

>640: > 445

B > 045: 128: > 82.5:> 61.0: 80.7
> 1770

C 1> 748:> 772 126 126: 853
>945: 142

D |>640: 159: > 86.5: > 94.5: 76.6
> 578:> 5406

E 62.0 519

this behavior. In the lower strength range, this
blunting effect could be definitely associated with
the tendency of the stress corrosion crack to
brfanch; branching was observed in all the heats
except that with the highest silicon contensi.
Specimens tempered to the 260- to 280-ksi

Table V. Effect of immersion below KIscc'

strength range did not exhibit branching. There-
fore the blunting effect, which was less severe
than in the lower strength steels, must be
associated with other phenomena. Possibly the
intergranular mode of crack extension and local
deviations from the notch plane along the crack
front led to the effect.

Fracture toughness K. values were determined
for those specimens which had been loaded to
stress intensity levels below Kigce in the sodium
chloride solution and subsequently broken open
(Table V). These values corresponded to the Kj
determined from a sharp unexposed fatigue crack,
suggesting that immersion in salt did not blunt
the fatigue crzck tip. It must be remembered,
however. that crack blunting only becomes
apparent below a certain stress intensity level
determined by the yield strength and crack acuity
(16). Therefore, although blunting was not
apparent in the Ky range of 50 to 80 ksi\/in.. it
is possible that such an effect may have existed at
lower stress intensity levels, for example, close to

»
Kisee:

COMMERCIAL HEATS

The mechanical properties of the materials are
shown in Table VI. Fractographic examination of
the region immediately below the fatigue pre-
crack in the air-melted fracture toughness speci-
mens revealed that intergranular cracking
(0.03-in. length) preceded the final dimple rup-
ture fracture. The vacuum degassed material

Strength '::i:: Immersion time Critical stress .
Heat range intensity in 3.5% sodium intensity after _'il_c_
(ksi) Ki; chloride solution immersion, Kjc K¢
(kﬂ\/ﬁ.’ (min) (ksi \/'iﬁ)

A 280-300 120 7.038 76.5 1.03

A 230-240 234 25,942 722 093
B 289-300 13.6 4,190 525 096

E 230-240 160 10,020 464 020

L




Table VI Mechanical properties of commercial alloys.

Melting Tensile Yield Elongation Reduction Kie
Heat Alloy prucl?cc sln:ngtll slrcn.gth (%) ()f area (ksin/T.)
(ksi) (ksi) (ksi) (x)

I 4340 Arr melt 271.2 122 12 49 630

G 4340 Vacuum degassed 2716 2208 12 45 63.6

H 300M CIVM 2911 247.0 8 37 739

3 300M CLVM 3019 2515 11 38 63.5
exhibited a similar topography. although the AIR MELTED
extent of intergranular cracking was less. Heat H O FAILED
(300M) showsed no tendency teward intergranular 8 NG EAILURE-NQ CRACK GROWTH
fatlure: the transition from transgranular fatigue VACUUM DEGASSED
to dimple rupture was sharply defined. 3 :‘g"’;i?LURE_CRACK GROWTH
Results of the sustained load testing are shown in 100 0.27 MIN
Figs. 12 and 13. The 4340 air-melted material e T — -
- : . i oty . 8ob\" > VACUUMJ oo
tailed almost immediately when loaded to a stress S. DEGASSED
intensity cqual to 90% of Kj.. Vacuum degassed Z o o.wu:\ s§_(/—Am MELTED
4340 and the 300M survived 90% of Kj. for K ' o o= T -
periods up to 6 hr, although crack growth :;:‘o - o

occurred in the 4340 steel. Subscquent step
loading resulted in failure at 96'7 of Ky.. Fractog-
raphic examination revealed that initial growth in
the 4340 stecls occurred in an intergranular
manner. but this was absent from the 300M
specimens. Testing at lower stress intensity levels
(43% of Kje) shcwed the 4340 air-melted
material to be susceptible to stable crack exten-
sion under sustained ioad. At comparable stress
intensity levels, no growth was apparent in the
I00M steel.

Fatigue cycling of the 4340 air-melted steel at an
initial stress intensity level equal to 43% of Ky,
revealed crack extension in less than 500 cycles.
In similar tests on 200M at stress intensity levels
of 34%., 70%, and 80% of Kjc. no cracking
occurred after 500 cycles. Fractography revealed
that a wet environment was required for inter-
granular propagation since the fracture mode
changed from intergranular to transgranular as the
environment changed from wet to dry.

10 100 1,000

TEST DURATION (MIN)

10,000

Fig. 12. Commercisl alloy 4340 tested in 90% relative

humidity air.
100r~=-o.. oo _
...'%‘ T T T T T e "
80|
7 O FAILED
= 60 ® NO FAILURE-
!.".{ NO CRACK GROWTH
~. 4

R STV e w py WU VT )
1,000 «),000

0 10 100
TEST DURATION (MIN}

Fig. 12 Conmercial alloy 300M tested in 90% relative
humidity oir.
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Sustained load tests on heat J (300M) indicated o
Kisee of 19.6 ksiy/in. Furthermore, the crack
growth rate was constant over a wide range of
stress intensity (25 to 45 ksiAin.) and was 0.005
in./min, for stress intensity levels exceeding
45 ksiy/in.. the velocity was directly proportional
to K. The difference in crack velocity kinetics
between commercial and experimental alloys of
similar alloy content and strength might be
attributed to a finer grain size or the lower sulfur
content in the commercial steel.

EFFECT OF COMPOSITION

The results obtained from the experimental alloys
heat treated to the 280- to 300-ksi tensile
strength range indicate that increasing the silicon
content to above 1.5% does not improve Kig¢
but does retard crack growth rate. However. the
results obtained from the surface-flawed speci-
mens of commercial alloys suggest, at {irst sight,
that silicon retards crack initiation. This
apparently conflicting data can be reconciled by
comparison of the residual element contents of
the commercial heats. The sulfur and phosphorus
contents of the air-meltad 4340 were 0.019% and
0.021%, respectively, whereas the corresponding
values for 300M (heat H) were 0.008% and
0.007%: the residual element content of vacuum
degassed 4340 was in an intermediate position
(Table I). It is therefore considered that the
environmental crack growth resistance exhibited
by the 300M steel can be primariiy attributed to a
lower residual element content.

CORRELATION WITH MICROSTRUCTURE

Baker =t al. {11) have conducted thin-film clec-
tron microscopy studies on 4340 and 300M
tcmpered over a wide temperature range. The
microstructure of both alloys in the 260- to
300-ksi strength range consisted of a twinned
martensite structure with a high dislocation
density. Epsilon carbides were precipitated at the
twin interfaces and martensite plate boundaries.
As the tempering temperature was increased, the
epsilon carbide was replaced by cementite and
recovery and recrystallization of the martensite

occurred. The mvestigators reported that the only
clfect of silicon was to retand these processes 1o
higher  tempering  temperatures. Reisdort (17)
found that epsilon carbide in 300M steel con-
tained a large proportion of silicon. whereas it
was absent from the cementite formed at higher
temperatures,

Since the present study indicated that silicon only
retarded the crack velocity in the higher strength
range, it would seem reasonable to associate this
with the epsilon carbide. Polarization studies
conducted by Steigerwald (13) have indicated
that stress corrosion in 4340 steei can be attrib-
uted to a hydrogen embrittlement mechanism.
Since fracture occurred along prior austenite
boundaries, it might be postulated that stress
corrosion cracking was associated with epsilon
carbide particles at these boundaries and the
presence of silicon setarded this process. Alter-
natively, the rate of hydrogen diffusion may be
reduced by the silicon-containing epsilon carbides
distributed at various sites within the micro-
structure and so retard the crack growth process.

In the strength range 230 to 240 ksi, the
improvement in Kigc in the lower silicon content
steels (Fig. 7) can be associated with the recovery
processes and the change in carbide morphology.
which would be more advanced than in the higher
alloy content steels. The crack velocity, however,
was essentially independent of silicon content
(Table 111). This possibly indicates that different
microstructural features control threshold and
crack velocity characteristics.

CRACK BRANCHING

Crack branching only occurred in steels that
exhibited a region of constant velocity (Table
[11), and branching was observed to commence in
this region. Furthermore, the steels tempered to
280-300 ksi did not branch and exhibited a linear
dependence of crack velocity on stress intensity.
These observations are in agreement with the
work of other investigators (18,19), which indi-
cated that a constant crack velocity is essential
for crack branching. It has also been suggested



(18) that a critical stress intensity must be
. achieved before branching can occur; this was
observed in this study. These c¢rack branching
observations are discussed further elsewhere (20).

COMPARISON WITH UNNOTCHED DATA

Unnotched bent beam tests conducted by Dreyer
and Gallaugher (21) have indicated that silicon is
beneficial to stress corrosion resistance. In these
tests, 300M and 4340 specimens were loaded in
bending to a predetermined fraction of the yield
strength and subjected to alternate immersion in
sodium chloride solution. The time to failure was
measured as a function of applied stress level.
Tiner and Gilpin (22) have shown that the failure
process in such tests can be divided into three
stages:

1. Pit formation and growth

2. Strass corrosion crack propagation

3. Rapid brittle fracture

The time occupied by the first stage depends on
the surface finish; size and distribution of inclu-
sions, carbides, and other discontinuities; and
pitting characteristics of the alloy. Presumably,
stress corrosion crack initiation occurs when the
pit depth and acuity are sufficient for the stress
intensity level to exceed Kjgce. Provided that a
sharp pit is formed. the critical depth for crack
initiation will be given by:

.
K -
. [ Iscc) _
ys

where oyg = yield stress
dCRIT = pit depth
S = a factor determined by loading
conditions and pit shape

Hence. for similar loading conditions, the critical
pit depth for two alloys will be proportional to
the square of their Kjg.. values. Assuming equal
rates of pitting for 4340 and 300M steels, the
duration of stage 1 should be similar for both
steels. However, as Brown (23) has pointed out,

the rate of pitting can be much slower than stress
corrosion crack velocity. Therefore, small
differences in Kigoc between the two steels, for
example due to a slight variation in residual
element content, could lead to a very significant
difference in the time requircd to achieve critical
pit depth.

The duration of the second stage will depend
upon the relationship hetween stress intensity and
velocity, the rate of change of stress intensily
with respect to crack length, and the fracture
toughness. The latter is also influenced by the
stress state (plane stress or plane strain). The
velocity data obtained in the present study
indicate that the duration of this stage will be
longer in 300M than in 4340 and, hence, would
contribute to the observations made by Dreyer
and Gallaugher (21).

A FRACTURE TOUGHNESS CONSIDERATION

Considerable emphasis has been placed on
improving fracture toughness in alloy systems.
Because of this, it is interesting to consider the
results obtained from the experimental heats
containing 0.09% and 0.54%% silicon tzmpered to
280-300 ksi. The latter steels had different
fracture toughness values (74 and SS ksiy/in..
respectively), but the times to failure were com-
parable for a similar initial stress intensity level
(Fig. 11). Examination of the crack velocity
curves (Fig. 10) explains this observation. The
crack velocity of the lower silicon steel at stress
intensity levels above S5 ksiv/in. was so rapid that
the additional crack growth required to reach
critical length in the tougher steel occupied an
insignificant amount of time. Under these circum-
stances, the improved fracture toughness would
not improve service performance.

Se——000="

CONCLUSIONS

1. Additions of silicon of up to 2.15% to 4340
steel did not increase the threshold stress
intensity parameter Kjgoc in the 280- to

11
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to

300-ks1 tensile strength range. However, the
stress corrosion crack velocity was significantly
retarded when the silicon content exceeded
1.5, :

.Tempering to the 230- to 240-ksi tensile
strength rangze improved Kyg... This was most
apparent in the steels containing less than 1.5%
silicon in which the tempering reactions were
more advanced than those of the higher silicon
content stecels,

. The crack velocity was directly proportional to
stress intensity in the 280- to 300-ksi tensile
strength range. For a tensile strength range of
230 to 240 ksi. the crack velocity was constant
over a wide range of stress intensity.

. Reducing the sulfur and phosphorus content of

low-alloy. high-strength steels enhances the
crack growth resistance.
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